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Cathepsin KThere is a lot of interest for how and how much osteoclasts resorb bone. However, little is known about the
mechanism which controls the orientation and the duration of a resorptive event, thereby determining the
speciﬁc geometry of a cavitation. Here we show that the relative rate of collagenolysis vs. demineralization
plays a critical role in this process.
First we observed that when culturing osteoclasts on bone slices, excavations appeared either as round pits
containing demineralized collagen, or as elongated trenches without demineralized collagen. This suggests
that round pits are generated when collagen degradation is slower than demineralization, and trenches
when collagen degradation is as fast as demineralization. Next we treated the osteoclasts with a low dose
of a carbonic anhydrase inhibitor to slightly decrease the rate of demineralization, thereby allowing collagen
degradation to proceed as fast as demineralization. This resulted in about a two-fold increase of the propor-
tion of trenches, thus supporting our hypothesis. The same result was obtained if facilitating collagen degra-
dation by pre-treating the bone slices with NaOCl. In contrast, when decreasing the rate of collagenolysis vs.
demineralization by the addition of a cathepsin K speciﬁc inhibitor, the proportion of trenches fell close to 0%,
and furthermore the round pits became almost half as deep. These observations lead to a model where the
osteoclast resorption route starts perpendicularly to the bone surface, forming a pit, and continues parallel
to the bone surface, forming a trench. Importantly, we show that the progress of the osteoclast along this
route depends on the balance between the rate of collagenolysis and demineralization. We propose that
the osteocytes and bone lining cells surrounding the osteoclast may act on this balance to steer the osteoclast
resorptive activity in order to give the excavations a speciﬁc shape.
© 2013 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-ND license.Introduction
Bone resorption is critical tomodel and remodel the skeleton during
growth and adult life, and may also lead to pathological bone destruc-
tion and fragilization. Bone resorption is performed byOCs,1 specialized
cells able to solubilize both of the two main bone constituents, mineral
and collagen. Mineral is solubilized by protons generated by carbonic
anhydrase and pumped into the resorption lacunae. This exposes thell Biology, Kabbeltoft 25, 7100
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Inc. Open access under CC BY-NC-NDcollagen ﬁbers which become available for degradation by proteinases
[1]. CatK, a cysteine proteinase, has been identiﬁed as the major pro-
teinase responsible for the degradation of collagen by OCs [1–3].
The magnitude of bone resorption and the control of this magnitude
have been a major trigger in research on OCs. Accordingly, a diversity of
toolswere developed in order to quantify bonemass and bone resorption
levels in the clinic and in preclinical models, and clinical treatments were
designed to reduce these resorption levels. However, bone shaping dur-
ing growth does not depend only on how much bone is resorbed but
also on where it is resorbed. Similarly, fracture risk does not result only
from decreased amount of bone, but also from changes in bone structure.
Spacing, distribution, connectivity, and shape of trabeculae all contribute
to bone strength, and are features affected by hormones like glucocorti-
coids, estrogen, or PTH, which are also known to affect bone strength
[4–8]. Of note, these changes in architecture result from the sum of indi-
vidual resorption events, and are therefore likely to be inﬂuenced by the
geometry of the individual OC resorption lacunae [9]. Interestingly in this
respect, SEM of the surfaces of bone biopsies, including of human origin,
shows that OCs may generate resorption cavities of different shapes
[10–12]. More speciﬁcally, SEM led to distinguish so-called longitudinally
resorption lacunae reﬂecting long lasting resorption events and reticulate license.
Fig. 1. Experimental approach for testing whether the relative rate of collagenolysis and
demineralization affects the duration of resorption events and their geometry. In average
control conditions OCs seeded on bone slices show a rate of collagenolysis (coll) which is
slower than the rate of demineralization (dem). Inhibition of collagenolysis will result in
an even greater imbalance between these two rates, thereby leading to a faster accumula-
tion of collagen. Our hypothesis predicts that pits will then be shallower and resorption
behavior more intermittent, in accordance with early termination of every resorption
event. In contrast, slowing down the rate of demineralization will allow collagenolysis
to proceed as fast as demineralization, so that collagen will no longer accumulate in the
excavations thereby allowing continuous contact with mineral. Our hypothesis predicts
that most resorption events will then appear as long trenches, which reﬂect continuous
resorption.
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tent resorption. Furthermore, mathematical models showed that
changes in the geometry of single resorption cavities are already sufﬁ-
cient to affect bone stiffness [13]. Taken together, these observations
suggest that attention should be paid on the mechanism directing
where exactly the OC resorbs bone, in addition to the mechanism con-
trolling how much bone the OC is removing.
OC resorption patterns and their response to different treatments
have primarily been analyzed in cultures of OCs on bone slices [14,15].
When cultured alone, most OCs typically excavate bone to a certain
depth, then stop andmigrate to a new resorption site, thereby generating
a series of discrete round excavations often next to each other, which
thus reﬂect intermittent resorption. Addition of estrogen to these osteo-
clast cultures, induces shallower excavations [16], whereas addition of
glucocorticoids induces continuous resorption trenches instead of
round discrete excavations, meaning that resorption tends to keep on
going over an extended length without interruption by migration epi-
sodes [17]. But what is the mechanism determining these respective
resorption behaviors? Interestingly, SEM shows that demineralized col-
lagen is present at the bottomof the round excavations generated in con-
trol conditions, aswell as in the shallower ones generated in the presence
of estrogen, but not in the elongated trenches induced by glucocorticoids
[16,17]. This shows that OCs in control and estrogen conditions solubilize
collagen more slowly than mineral, and that agents stimulating the rate
of collagenolysis relative to that of demineralization, such as glucocorti-
coids, may prolong the duration of resorption events. We therefore
hypothesized that the balance between the rate of collagenolysis and de-
mineralization might serve as a mechanism determining the duration of
a resorption event, and thereby also the excavation geometry.
A deﬁnitive demonstration of this hypothesis requires testing the ef-
fect of direct and speciﬁc inhibitors of either mineral solubilization or
collagen degradation, on the resorption pattern of OCs. We used inhib-
itors of CatK to slow down the relative rate of collagen degradation
compared to the rate of mineral solubilization [18–20], and we used
low concentrations of a carbonic anhydrase inhibitor to increase the rel-
ative rate of collagen degradation compared to mineral solubilization
[21]. Thus, as illustrated in Fig. 1, according to our hypothesis, CatK
inhibitors should accelerate the accumulation of collagen in the resorp-
tion pit thereby leading to early termination of the local resorption
event and a shallower pit. In contrast, mild inhibition of carbonic
anhydrase should allow collagenolysis to proceed as fast as demineral-
ization, thereby ensuring continuation of the local resorption event,
thus promoting the formation of trenches at the expense of round pits.
Materials and methods
Inhibitors of OC resorption
The following inhibitors of OC resorption were used:
6-ethoxyzolamide (Sigma-Aldrich, Broendby, Denmark), speciﬁc
inhibitor of carbonic anhydrase, 20 mM stock in DMSO, stored at
−20 °C; E64 (Sigma-Aldrich), cysteine-protease inhibitor, 1 mM
stock in H2O, stored at −20 °C; L873724, an inhibitor speciﬁc of CatK
[20,22,23] (a generous gift from MSD, Rahway, USA), 10 mM stock
in DMSO (Sigma-Aldrich) stored at−20 °C.
OC resorption assay
Human CD14+ cells were isolated from buffy coats of healthy
volunteers (approved by the local ethics committee, 2007-0019) and
differentiated into multinucleated OCs through the use of 25 ng/ml
M-CSF and 25 ng/ml RANKL (R&D, Abingdon, England, UK) as described
previously [17]. Differentiated OCs were re-seeded on bovine cortical
bone slices adapted for 96-well plates (IDS Nordic, Herlev, Denmark)
at a density of 50,000 to 100,000 cells per bone slice, and cultured for
72 h in the presence or not of various resorption inhibitors at theindicated concentrations. DMSO was added at a ﬁnal concentration of
0.2% to controls when relevant.
The resorption features (i.e. cavitations as well as superﬁcial
demineralization patches)were stainedwith toluidine blue as described
previously [17] and analyzed through light microscopy. Resorbed bone
surface area, number of resorption cavities and maximal erosion depth
measurements were measured as previously described [17]. A resorp-
tion feature with a continuous and distinct perimeter at the surface
was counted as one. The resorption cavities were sub-divided into:
1) round excavations which were termed “pits” and 2) elongated exca-
vations appearing as continuous grooves which were termed “trench-
es”. The latter were at least twice as long as wide.
Removal of organic matrix from resorption lacunae and rendering bone
slices inorganic
In order to determine the thickness of the collagen layer in the
resorption lacunae, maximum resorption depths were measured
before and after treatment with NaOCl and the difference between
these two depth measurements was calculated as an assessment of
the thickness of the collagen layer, as previously described [17].
Removal of organicmatrix prior to seeding of OCs for resorptionwas
performed in a similar fashion. Each bone slice was transferred into
500 μl 5–7% NaOCl and incubated at room temperature for 15 min
while shaking in a thermomixer. Subsequently, the bone slices were
washed individually in 50 ml sterile ddH2O while shaking for 30 min.
The bone slices were stored for up to a week in sterile ddH2O at 4 °C
until use.
Analysis of gene expression
Differentiated OCs were obtained as explained above. The cells
were lyzed, RNA puriﬁed, cDNA generated and TaqMan Q-RT-PCR
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er/probes were used: Trizol Plus RNA Puriﬁcation kit (RNA puriﬁca-
tion) (Invitrogen, Taastrup, Denmark), iScript kit (cDNA synthesis)
(Bio-Rad, Copenhagen, Denmark), hGUS, Hs99999908_m1, hAbl,
Hs00245443_m1, and hCatK Hs00166156_m1. All TaqMan primer⁄
probe sets were inventoried and used according to the instructions
by the supplier (Applied Biosystems, Naerum, Denmark). Each
Q-RT-PCR run was normalized to the cDNA preparation of one single
randomly chosen donor to enable comparisons between donors and
between the different Q-RT-PCR runs. In addition to this, the expres-
sion levels of CatK were subsequently normalized to the average
expression level of the house keeping genes hGUS and hAbl. All
Q-RT-PCR reactions were run as triplicates.
Results
Effect of the rate of collagenolysis vs. demineralization on resorption depths
and on the accumulation of demineralized collagen in the excavations
Excavations were generated by OCs in three different conditions:
(i) the control condition; (ii) the presence of a low concentration of
ethoxyzolamide to slightly decrease the demineralization rate; and
(iii) the presence of E64 to decrease the collagenolysis rate. The max-
imum resorption depths were measured both before and after remov-
al of collagen left in the excavations, by using NaOCl (Figs. 2A and B).
This procedure allowed us to monitor both the thickness of the layer
of collagen left-over (Figs. 2C and D) and the depths to which bone
was demineralized (Figs. 2A and B, hatched bars).
NaOCl treatment of the excavations obtained under control condi-
tions, made depths increasing from 5 to 9 μm (Fig. 2A), thus revealing
a layer of collagen left-over of about 4 μm thickness (Fig. 2C), and a
demineralization depth of 9 μm (Fig. 2A). This effect of NaOCl is inFig. 2. Effect of inhibitors of demineralization and collagenolysis on resorption depths and
treated or not with inhibitors of demineralization at low concentration (0.74 μM ethoxyzo
maximum resorption depths before (plain bars) and after (hatched bars) removal of the de
reﬂected the thickness of the collagen fringe (C, D). The data are shown as mean ± SD, n =
and D) unpaired t-test, a: p b 0.05, b: p b 0.01, ns: not signiﬁcant.accordance with the repeated reports that demineralized collagen
is left behind by the OC under control conditions, and means that
the rate of collagen degradation is on average slower than the rate
of demineralization in control conditions (Fig. 1, average control
condition).
In contrast, excavations obtained in cultures where demineraliza-
tion was slightly inhibited did not become deeper upon NaOCl treat-
ment, thus revealing the absence of collagen left-overs (Figs. 2A and
C). This absence means that collagen degradation occurs as fast as de-
mineralization under these conditions (Fig. 1,weak inhibition of demin-
eralization). Interestingly, the depths of these excavations were only
very slightly (but signiﬁcantly) reduced compared to those obtained
in NaOCl-treated control excavations (Fig. 2A). This shows that mild
inhibition of demineralization reduced only very slightly the demineral-
ization rates. Higher concentrations of ethoxyzolamide (21.6 μM)
resulted in a stronger reduction of demineralization depths (33%) but
were as efﬁcient for preventing collagen accumulation in the excava-
tions (data not shown).
Finally, NaOCl treatment of excavations obtained in cultures
where collagenolysis was inhibited, revealed a 4 μm-layer of collagen
left-over just as in control excavations (Fig. 2D), but revealed also that
these excavations were shallower compared to the NaOCl-treated
control excavations (Fig. 2B). This thus shows that a decrease of the
rate of collagenolysis makes the OCs demineralizing the bone less
deeply (Fig. 1, inhibition of collagenolysis).
These observations taken together show that slowing down the rate
of demineralization allows a more complete removal of demineralized
collagen, whereas inhibition of collagen degradation prevents deminer-
alization to reach the same depths as in controls – which indicates that
the resorption event is interrupted earlier than in controls. Interestingly,
this interruption appears to occur at the same thickness of collagen
fringe as in controls.amount of demineralized collagen left-over in the excavations. Resorbing OCs were
lamide (Etz)) or of collagenolysis (48 μM E64). Resorption cavities were evaluated for
mineralized collagen by using NaOCl (A, B). The difference between these two depths
4. Statistical analyses: A and B) paired (before vs. after NaOCl) and unpaired t-test and C
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proportion of trenches and pits
Glucocorticoids were reported to improve the removal of
demineralized collagen from the excavations [17]. Furthermore,
this improved removal was found to correlate with an increased pro-
portion of continuous trench-like excavations vs. the proportion of
round pits, thereby suggesting an extended duration of single OC re-
sorption events. Since inhibition of demineralization also improves
the removal of demineralized collagen from the excavations (Fig. 2),
we tested whether inhibition of demineralization would also correlate
with an increased proportion of trenches. Fig. 3 shows that a slight inhi-
bition of demineralization with a low concentration of ethoxyzolamide
induces a 1.77-fold increase in the proportion of trenches (Figs. 3A and
B), and a corresponding reduction in the proportion of pits (Figs. 3A and
C). On the contrary, an inhibition of collagenolysis with either the spe-
ciﬁc CatK inhibitor, L873724, or the broad cysteine-protease inhibitor,
E64, both resulted in a 5-fold reduction in the proportion of trenches
(Figs. 3A and B) and a corresponding increase in the proportion of pits
(Figs. 3A and C). None of the inhibitors, at the concentration used,
signiﬁcantly affected the total eroded surface (Fig. 3D) or the totalFig. 3. Effect of inhibitors of demineralization and collagenolysis on the relative numbers
ethoxyzolamide (Etz) to slightly slow down demineralization, (ii) 100 nM L1873724 to sp
A) Representative images of toluidine blue-stained resorption cavities generated in these r
on: B) the proportion of trenches expressed in percentage of the total number of resorption
tion events, D) the percentage eroded surface (ES) per total bone surface, and E) the numbe
analyses were done compared to control condition unless indicated otherwise: unpaired t-number of resorption events (Fig. 3E). A higher dose of ethoxyzolamide
(21.6 μM) did, as expected, reduce the total eroded surface by 78% and
the total number of events by 52% (data not shown). Thus a higher
number of long-lasting resorption events are obtained when slowing
down the rate of demineralization in order to improve collagen remov-
al. On the contrary, a lower number of long-lasting resorption events
are obtained when collagen removal is inhibited.
Demineralized collagen accumulates at the bottom of round resorption
pits but not at the bottom of trenches
Taking Figs. 2 and 3 together suggests a relation between the efﬁ-
ciency of collagen removal and the generation of trenches. Furthermore,
earlier SEM illustrations have shown absence of demineralized collagen
left-over in trenches, but presence in pits [17]. In order to test this rela-
tion in a more quantitative way, we determined the thickness of accu-
mulating demineralized collagen in resorption pits and trenches
respectively. As seen in Fig. 4, therewas signiﬁcantly less demineralized
collagen at the bottom of resorption trenches as compared to pits. This
clearly indicates a link between accumulating demineralized collagen
and whether bone resorption stops or continues.of resorption trenches and pits. Resorbing OCs were treated or not with (i) 0.74 μM
eciﬁcally inhibit CatK, or (iii) 48 μM E64 to inhibit CatK and other cysteine proteases.
espective culture conditions. Scale bar = 25 μm. B–E) Effect of the culture conditions
events, C) the proportion of pits expressed in percentage of the total number of resorp-
r of all resorption events per grid. The data are shown as mean ± SD, n = 5. Statistical
test, b: p b 0.01, ns: not signiﬁcant.
Fig. 4. Demineralized collagen accumulates at the bottom of pits but not at the bottom of
trenches. Resorption trenches and pits were generated in 72 h-cultures performed under
control conditions. Upper panel: representative images of a toluidine blue-stained trench
and pit. Lower panel: the thickness of the collagen layer at the bottom of these respective
resorption cavities was analyzed. The data are shown as mean ± SD, n = 6. Statistical
analyses: unpaired t-test, b: p b 0.01.
Fig. 5. Culturing OCs on inorganic bone favors the generation of resorption trenches.
Bone slices were rendered inorganic or not through treatment with NaOCl. OCs
were cultured for 72 h on these two types of bone slices. A) Effect of the removal of
organic material on the appearance of resorption cavities upon toluidine blue staining.
Scale bar = 50 μm. B) Quantiﬁcation of the trench surface compared to the total eroded
surface (ES) on the two types of bone slices. The data are shown as mean ± SD, n = 6.
Statistical analyses: unpaired t-test, c: p b 0.001.
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Because we found a link between the efﬁciency of collagen removal
and prevalence of trenches,we reasoned that bone, whose collagenma-
trix had been destroyed prior to seeding the OCs, would allow a higher
prevalence of trenches. Fig. 5 shows that this pretreatment induced, as
expected, a 2.2-fold increase in the proportion of trenches. Thus, resorp-
tion events become more continuous when collagen is absent. This ob-
servation is another indication that the presence of demineralized
collagen is critical to determine the duration of a resorption event.
Relation between levels of CatK expression and proportion of trenches
In the course of our experiments we found that the extent of
trenches/ES could vary extensively (up to 90-fold) (Fig. 6, x-axis)
from donor to donor involved in our research. This prompted us to in-
vestigate whether the variation could be due to differences in the rate
of collagenolysis since our other data suggests that this is a very im-
portant parameter for determining the shape of the excavations. We
found that the expression of CatK varied up to about 5-fold between
the investigated donors (Fig. 6, y-axis). In addition we found that
this natural variation could explain to a great extent (r2 = 0.41) the
proportion of trenches in the same way as did the variation in cathep-
sin activity obtained by using CatK inhibitors. Thus the effect of the
natural variation in the level of CatK expression on the duration of
resorption events as evaluated through the proportion of trenches is
in accordance with the effect of pharmacological inhibition of CatK
shown in Figs. 2 and 3.
Discussion
Most studies onOC resorptive activitymerely pay attention to quan-
titative aspects of resorption – and do not consider the geometry of the
individual cavities, the duration of resorption events, nor the variation
in resorption patterns. Although the existence of this qualitative diver-
sity of OC resorption is well recognized [14,15], the mechanism gener-
ating this diversity has not been investigated. Here we demonstrate
that the relative rate of demineralization and collagenolysis plays acritical role in the changes in geometry of the resorption cavities and
in duration of the resorption events.
Our demonstration is based on a series of complementary observa-
tions. First, excavations without collagen left-over, thus where collagen
degradation was as fast as demineralization, had the shape of continu-
ous trenches reﬂecting long-lasting resorption events. In contrast, exca-
vations with collagen left-over, thus where collagen degradation was
slower than demineralization, had the shape of discrete round pits
reﬂecting intermittent short-lasting resorption events. This relation
between collagen and duration of resorption was already suggested
by SEM pictures [17], and is now further supported by our quantitative
analysis. Second, if speciﬁcally decreasing the collagen degradation rate
by using a CatK inhibitor, collagen accumulated faster, resorption
stopped at smaller depths and generated clusters of discrete pits, at
the expense of deep continuous resorption trenches, as also recently
Fig. 6. The levels of CatK expression correlate with the proportion of trenches and the de-
gree of collagenolysis. The levels of CatK expressionwere evaluated byQ-RT-PCR in differ-
entiated OCs from different blood donors. The analyses were normalized in two steps.
In order to be able to compare the expression levels of different donorswe prepared a ref-
erence standard curve from the same randomly selected donor for every gene tested.
Thereafter, the CatK expression levels of the individual donor were normalized to the
average expression levels of the house-keeping genes hGUS and hAbl. These adjusted
CatK expression levelswere plotted against the proportion of %trench surface/ES obtained
from experiments with OCs of this particular donor. Statistics: Linear regression analysis,
r2 = 0.41, p = 0.033.
Fig. 7.Model to explain the effect of the relative rates of collagenolysis and demineral-
ization on the resorption path of an OC. When the OC solubilizes collagen at a much
slower rate than mineral, the resorption event stops soon, resulting in a shallow pit.
When collagen is solubilized as fast as mineral, the resorption event is prolonged, resulting
in long resorption trenches. We propose that this mechanism allows the surrounding cells
to direct the resorptive activity of the OC along a speciﬁc route (see Discussion for details).
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to pharmacological inhibition is not artefactual and results directly from
CatK inactivation, since the prevalence of pits and trenches varied sim-
ilarly with the natural variation of CatK levels amongst different OC
preparations. Third, conversely, if decreasing speciﬁcally and slightly
the rate of demineralization in order to allow collagen degradation to
proceed as fast as demineralization, collagen did not accumulate in
the excavations and resorption continued over longer distances thereby
generating continuous resorption trenches instead of discontinuous re-
sorption pits. Thus, paradoxically, a resorption inhibitor may favor con-
tinuous bone resorption. The same result was obtained if the OCs were
offered bone slices where collagen had been damaged by a NaOCl pre-
treatment, which is an alternative way to facilitate removal of collagen
and to render it as fast as demineralization. Observations in line with
this were obtained by others after damage induced by NaOCl- or
heat-treatment of bone [19,25,26], or by culturing OCs on pure mineral
[27,28].
Together these observations lead to a model (Fig. 7) where the OC
starts resorbing along a perpendicular axis to the bone, down to a certain
depth, and thereafter continues resorbing parallel to the bone surface.
However, since collagenolysis on average is slower thandemineralization
in cultures of control OCs, most OCs already stop resorbing while still
along the perpendicular axis thereby generating a round pit, and not a
trench.When collagenolysis is further slowed down compared to demin-
eralization, the resorption stops even sooner resulting in shallower pits.
In contrast, when collagenolysis is as fast as demineralization, resorption
continues parallel to the surface resulting in continuous resorption
trenches. This change from a perpendicular to a parallel axis may result
from an adaptation of the cell adherence set-up when reaching a certain
resorption stage, since OCs show a distinct organization of the cytoskele-
ton and of the adherence molecules depending on the resorption depth
and onwhether they are associatedwith a pit or a trench [29]. Resorption
parallel to the bone surface ﬁts the concept of a dynamic sealing zone
allowing the OC to resorb and move simultaneously [30]. It also ﬁts
Parﬁtt's conclusion from histological observations that OCs travel across
the cancellous bone surface and not just perpendicular to the bone
surface as sometimes inferred [9]. Interestingly, the distinct resorption
pattern consisting of trenches andpits corresponds to the two types of re-
sorption events identiﬁed in vivo in human trabecular bone through SEM,
i.e. so-called “longitudinally extended resorption” reﬂecting long lastingresorption and “reticulate patch resorption” reﬂecting short episodes of
intermittent resorption interrupted by migration [10].
The model presented in Fig. 7 provides a mechanistic basis to
explain how agents acting on the collagenolysis–demineralization
balance may contribute to steering the resorptive activity of the
OC on the bone surface. The intrinsic efﬁciency of OCs to degrade
collagen is smaller than their efﬁciency to demineralize it, as clearly
shown through the collagen left-overs of control OC cultures on
bone slices. Thus, hormones stimulating CatK and collagenolysis like
glucocorticoids will make resorption more continuous [17,31] and
conversely hormones inhibiting CatK and collagenolysis like estrogen
[32–34] render resorptive events shorter [16]. As speculated by
others [35], it would be intriguing to investigate in a systematic way
to what extent CatK gene expression can be regulated independently
of demineralization and OC activation. In this respect, it is of interest
that the response of CatK expression to calcineurin inhibition is much
weaker compared to that of agents involved in the demineralization
process, like ClC7 and carbonic anhydrase II [36], and compared
to TRACP, and β3-integrin [37]. Furthermore, the response of CatK
to estrogens was shown to be higher than that of DC-STAMP,
NFATc1 and c-fos [33]. Of note, collagenolysis can also be regulated
independently of demineralization by agents acting directly on CatK
enzymatic activity. Examples are the local redox potential [38], local
nitric oxide levels [39], and also the maturation stage of the collagen
molecule. Here it is of interest that older collagen is degraded faster
by CatK than young collagen [40], which ﬁts the observation that
older bone is degradedmore extensively than young bone by cultured
OCs [41]. One may speculate in the same way that mutant collagen
from osteogenesis imperfecta is more efﬁciently degraded, which
would then explain the high bone resorption level in this disease
[42,43]. Furthermore, the activity of other proteinases than CatK
may also act on the collagenolysis–demineralization balance. These
include other OC collagenolytic cysteine cathepsins and MMPs
[1,44]. This might explain how MMPs may contribute to the resorp-
tion event, even if CatK is the main proteinase responsible for colla-
gen removal [1,18]. Amongst the factors able to affect the rate of
collagenolysis vs. that of demineralization are also pharmacological
agents either inhibiting CatK like odanacatib or reducing its level
like estrogen. The present ﬁndings thus highlight that these agents
197K. Søe et al. / Bone 56 (2013) 191–198deserve special interest not only for reducing the bone resorption
levels [45], but also for modifying the shape of the resorption lacunae.
Here shallower cavities are especially worth noting [2,16,46,47].
In vivo, OCs are surrounded by a variety of cells able to produce
agents inﬂuencing collagenolysis levels, and able to steer in this
way the resorptive activity of these cells. These include osteocytes,
bone lining cells, bone remodeling compartment canopy cells, rever-
sal cells, endothelial cells, and monocytes. Amongst the observations
supporting such a role is the presence of the collagenase MMP-13 of
osteocytic and bone lining/reversal cell origin in the OC resorption
zone [44,48], and the ability of nitric oxide of osteocytic and endothe-
lial cell origin to inhibit CatK and stimulate OC motility [39,49,50].
This steering activity will determine the orientation and duration of
the resorptive activity [51,52], thereby the speciﬁc shape of the cavity
made by the OC, and thereby also inﬂuence bone micro-architecture
and strength [13].
Another interesting question is the molecular mechanism linking
changes in the relative rate of demineralization and collagenolysis
with speciﬁc OC resorptive behaviors. A critical observation is that
OCs remain in contact with mineral when collagenolysis proceeds as
fast as demineralization, but get in contact with more and more colla-
gen when collagenolysis is slower than demineralization. Interesting-
ly, in this respect, mineral and collagen are not merely substrates to
be solubilized by the OC. They also exert potent and opposite effects
on the OC ultrastructure and determine whether resorptive activity
is initiated or not [15,25,53,54]. Mineral was found to induce a polarized
secretory phenotype and resorptive activity. This phenotype is charac-
terized by adherence to the bone through an actin ring, which surrounds
an extensive folding of themembrane called the rufﬂed border, which in
turn secretes protons and CatK onto the bone surface. In contrast, colla-
gen was found to induce a mesenchymal migratory phenotype charac-
terized by adherence to the bone surface through podosomes, the
absence of rufﬂed border, and low expression of CatK. It makes sense
that if mineral and collagen are respectively, positive and negative regu-
lators of the initiation of bone resorption, they are likely to exert the
same opposite regulatory effects on the resorbing OC. Thus, the OC
which degrades collagen as soon as it is demineralized remains in con-
tact with mineral and continues resorbing. In contrast the OC which de-
grades collagen at a slower rate compared to the demineralization rate
gets more andmore in contact with collagen and stops resorbing. Alter-
natively, the intracellular accumulation of vesicles with undegraded
collagen may also be considered to play a role in resorption arrest
[18,19,55].
As stressed in the review of Mellis et al. [49], the duration of a
resorption event has been poorly investigated, although the duration
of a resorptive event is obviously an important determinant of the
extent of bone solubilization and of cavity geometry. So far the only
signals proposed to stop resorptive activity are inducers of apoptosis
and factors affecting the cytoskeleton and cell attachment such as
calcitonin, intra-cellular levels of calcium possibly in response to
nitric oxide, TRACP-mediated dephosphorylation of osteopontin, se-
lective MMP-induced cleavage of osteopontin and bone sialoprotein
[56], and speciﬁc CatK-generated collagen fragments interfering
with integrins [57]. The present study shows that the duration of an
OC resorption event is also determined by the balance between the
collagenolysis and the demineralization rates. As discussed above, it
is possible that this new mechanism also acts through the cytoskele-
ton, which is known to reorganize itself depending on whether the
OC contacts calcium or collagen.
Conclusion
The mechanism controlling the geometry of the excavations gen-
erated by OCs has so far received only little attention, although this
geometry is one of the basic characteristics of the resorption event.
Here we demonstrate that one of the determinants of this geometryis the rate of collagenolysis vs. demineralization. We propose that
the cells surrounding the OC act on the collagenolysis–demineraliza-
tion balance to steer the OC resorptive activity along a speciﬁc route
and to determine where this route stops, thereby deﬁning the speciﬁc
limits and shape of the excavations (Fig. 7).
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